Despite compelling evidence for substantial individual differences in cognitive performance, it is unclear whether cognitive ability influences fitness of wild animals. In many animals, environmental stressors experienced in utero can produce substantial variation in the cognitive abilities of offspring. In reptiles, incubation temperatures experienced by embryos can influence hatchling brain function and learning ability. Under climate warming, the eggs of some lizard species may experience higher temperatures, which could affect the cognitive abilities of hatchlings. Whether such changes in cognitive abilities influence the survival of hatchlings is unknown. To determine whether incubation-induced changes in spatial learning ability affect hatchling survival, we incubated velvet gecko, Amalosia lesueurii, eggs using two fluctuating temperature regimes to mimic current (cold) versus future (hot) nest temperatures. We measured the spatial learning ability of hatchlings from each treatment, and released individually marked animals at two field sites in southeastern Australia. Hatchlings from hot-incubated eggs were slower learners than hatchlings from cold-incubated eggs. Survival analyses revealed that hatchlings with higher learning scores had higher survival than hatchlings with poor learning scores. Our results show that incubation temperature affects spatial learning ability in hatchling lizards, and that such changes can influence the survival of hatchlings in the wild.
Introduction
Cognitive processes play an important role in driving the behaviour of animals [1] . An understanding of the individual variation in cognitive traits, the conditions that engender this variation and the conditions under which selection on traits occurs, is crucial for predicting how organisms will respond to environmental change [2, 3] . Studies on mammals and ectotherms have shown that stressful thermal conditions experienced by embryos can have profound effects on brain structure and learning ability [4, 5] . For example, in Drosophila melanogaster, daily exposure to high, ecologically relevant temperatures during larval and pupal development led to disrupted mushroom body development in the brain, and impaired associative odour learning in adults [6] . Laboratory-induced environmental stressors experienced by embryos have the potential to affect cognitive abilities of offspring in a wide range of organisms [7] , yet how cognitive skills influence individual fitness in wild populations is unknown [2] .
Lizards are excellent models for exploring the links between thermal stress, learning ability and fitness. In lizards, incubation temperatures influence many offspring traits, including body size, sex and speed [8] , and can also affect brain development [9] [10] [11] and learning ability [12, 13] . Most reptiles lack parental care, so that hatchlings must learn to locate essential resources such as shelter sites, which serve as refuges when fleeing from predators [14] . In this context, spatial learning ability may be particularly important for lizard survival.
Lizards are adept spatial learners [12, 14, 15] , but to date, few studies have examined whether variation in learning ability affects the fitness of lizards or other wild animals [16] , so we know little about the nature of selection on cognitive traits [2] . In this study, we investigated whether incubation temperatures influence the learning ability of hatchling velvet geckos, Amalosia lesueurii, and if so, whether learning ability affects hatchling survival in the wild.
Material and methods
We collected 43 gravid female geckos from sandstone rock outcrops near Nowra (n ¼ 20, 160 km south of Sydney) and Dharawal National Park (n ¼ 23, 67 km south of Sydney) in spring 2014. We incubated 86 eggs in fluctuating programmable incubators (Panasonic MIR-154-PE) that mimicked nest temperatures under current temperatures (mean ¼ 23.28C, range 10-338C, 'cold') and temperatures that could be experienced in 2050 (mean ¼ 278C, range 14-378C, 'hot'; see electronic supplementary material). After hatching, we recorded the mass (nearest 0.1 g), snout-vent length (SVL), tail length, head length, head diameter, fore limb length and hind limb length of each hatchling.
We measured the learning ability of 64 hatchlings ( [13] . Each hatchling was tested four times each day, over four consecutive days (total of 16 trials), and the total number of successful escapes was summed to produce learning scores for each individual [17] . After learning trials were completed hatchlings were individually marked and released at their mothers' site of capture. To estimate hatchling survival, we turned all rocks on study sites once each month from February to October 2015, and recorded the identification number of all geckos captured. We infer that non-recaptured hatchlings died rather than emigrated because hatchlings maintain small territories under one or two rocks [18] , and rarely disperse more than 30 m their initial capture sites [19] , and have high rates of survival (s ¼ 0.98 [20] ; see electronic supplementary material).
Two-factor repeated measures ANOVA was used to analyse whether time to enter the shelter differed between incubation treatments and locations. A two-factor ANOVA was used to investigate whether the number of successful escapes differed between incubation treatments or locations. We analysed the mark-recapture data (with hatchling SVL and learning scores as covariates) using Cormack-Jolly-Seber models in program MARK [21] .
Results
Cold-incubated eggs had higher hatching success (86.4%) than hot-incubated eggs (54.5%) from Dharawal ( (table 1) . The bestsupported model included learning scores as a covariate, suggesting directional selection on learning ability in hatchlings (figure 2), whereas a model incorporating SVL as a covariate was not well-supported by the data (table 1). The second-best model included time-dependent survival and recapture rates, with monthly survival rates ranging from 0.43 to 1.0 (mean ¼ 0.82), and monthly recapture rates ranging from 0.22 to 0.74 (mean ¼ 0.54).
Discussion
Hot-incubated hatchlings took longer to locate the open shelter, and made more mistakes, than did cold-incubated hatchlings. These changes were not a by-product of other incubation-induced changes in phenotype; when we controlled for body size, the effect of incubation treatment on learning ability remained significant. Previous studies have shown that incubation temperatures can affect brain development in reptiles rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170002 [9] [10] [11] , and such changes might be correlated with poorer learning ability in hot-incubated hatchlings [13] . Our survival analyses revealed a positive correlation between learning scores and offspring survival (figure 2). To our knowledge, this is the first demonstration that spatial learning ability influences lizard survival in the wild. The only other field study we know of, on African striped mice Rhabdomys pumilio, found that male survival was positively correlated with long-term spatial memory. Male striped mice explore new territories and need to remember the configuration of new environments to survive [16] . In our study system, hatchling geckos likely use spatial memory to locate suitable refuges, and faster learners might have a greater chance of evading predators [3] .
Whether the changes in hatchling cognitive abilities that we documented here are likely to occur in future will depend on whether females display plasticity in nest site selection, as has been demonstrated in other lizards [22] . Notably, females at our study sites near Nowra have laid eggs inside the same communal nests over the last 25 years (J.K.W. 2016, personal observation), suggesting limited plasticity in maternal nesting behaviour, perhaps because social cues influence oviposition choice in this species [23] . However, should one female oviposit early in a cooler crevice, then other females may follow suit, potentially buffering embryos from future warming.
Conclusion
Incubation temperature affects learning ability in skinks [13] and geckos (this study), and clearly deserves further study. In geckos, incubation-induced variation in individual spatial learning was linked to survival, which is crucial for understanding how animals will cope with changing environments [2, 3] . http://dx.doi.org/10.5061/dryad.58nm4 [17] . Table 1 . Results of Cormack-Jolly -Seber analyses of survival (s) and recapture ( p) rates of hatchling geckos. The covariates 'learn' and 'SVL' refer to the geckos' learning score and snout -vent length, respectively. rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170002
